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Abstract: With poor water catchment protection, surface water and groundwater sources can be
polluted by many substances, of which, ammonia is one of the primary factors. While conventional
methods for ammonia treatment using chlorine present limitations during treatment processes,
biological treatment solutions are highly appropriate in efficiently removing contaminants such as
ammonia. The study was conducted by an experiment at the lab-scale focused on the integration of
a nitrification system with a denitrification system to remove ammonia and other nitrogen
compounds in treatment surface water and groundwater. The results revealed that the nitrification
system with hydraulic rate of 0.3 L min” can remove 83 mg NH4N day”’ with 4.88 m* of
polypropylene media. It corresponds to 17 mg NHy+N m? day'l of ammonium nitrogen surface load.
Meanwhile, 716 mg NO3-N day'l was eliminated by the denitrification system with hydraulic rate of

42 ml min’,
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1. INTRODUCTION

With the expanse of major cities led by the
population boom over the world and poor water
catchment protection, water sources including
both surface water and groundwater have been
affected by a deterioration of both quantity and
quality. Human activities in catchment areas are
believed to be a main reason for these issues
(Henry & Heineke 1996). Surface water and
groundwater sources can be polluted by many
substances, of which ammonia is one of the
primary factors. The ammonia content in these
water sources varies from over 0 mg NH4" L'to
25 mg NH," L' (Angelopoulos et al. 2009). The
low concentration of ammonium nitrogen (under
5 mg NH," L'l) has been recorded in a number
of sources. Ammonia seriously influences chlorine
disinfection processes which is an important
stage in drinking water treatment (van den Akker
2008). Therefore, the ammonia contamination
should be considered in order to minimize its
negative effects.
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In the context of the water quality
deterioration by nitrogen in recent decades, the
demand for ammonia removal in potable water
treatment plants is increasing. Meanwhile,
conventional methods for ammonia treatment
using chlorine present limitations during
treatment processes. This conventional approach
uses pre-chlorination as an effective solution to
eliminate ammonia in raw water. However, this
approach has a number of disadvantages such as
generating disinfection by-products and increasing
chlorine consumption (van Den Akker et al.
2010). By-products such as chloramine will lead
to poor treated water quality and can cause
public health problems. Furthermore, in order to
eliminate Img ammonia, an amount of chlorine
10 mg is required which could significantly
increase the water treatment cost. Therefore, it
is necessary to develop environment friendly
approaches for ammonia removal.

Biological treatment solutions are highly
appropriate in efficiently removing contaminants
such as ammonia because they can minimize
chlorine consumption and disinfection by-
products generated by the interference between
ammonia and chlorine during the disinfection
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process. Hence, biological methods to remove
nitrogen in water sources have been studied
since the early 1990s (Pearce & Williams 1999).
While nitrification is known as one effective
option to biologically convert ammonia into
nitrate, which does not increase chlorine demand
for disinfection, denitrification is indicated as a
powerful solution to transfer nitrate into nitrogen
gas which is released into the atmosphere.
Unfortunately, most of this research has focused
on either nitrification or denitrification
processes. Meanwhile, only a few researchers
have investigated combining nitrification with
denitrification models such as Completely
Autotrophic Nitrogen removal over Nitrite
(CANON), Aerobic Deammonification (DEMON),
Oxygen-Limited  Autotrophic  Nitrification
Denitrification (OLAND), and Simultaneous
Partial Nitrification, Anammox and Denitrification
(SNAD). Nevertheless, these studies were
regularly conducted on wastewaters, which have
extremely high nitrogen concentrations compared
with those in surface water and groundwater.
Hence, further study on the integration of
nitrification with denitrification is necessary at
lower concentrations of ammonia contamination.

2. METHODS

2.1. Preparation

The pilot system including nitrification and
denitrification systems was designed as given in
Figure 1. The nitrifying trickling filters (NTFs)
were packed in four polyvinyl chloride columns
(0.104 m internal diameter, height 0.85 m). The
filters used a bed (thickness, 0.6 m and volume
0.0051 m’ ) of TKP 312 (2H Plastic Australia)
polypropylene with area to volume ratio of 240
m? m'3, void volume of 95% and average foils
thickness of 0.35 mm. The effective filter
surface area (1.22 mz) of each filter was similar.
The 4 NTFs were operated in series, with water
distribution on to the top of the NTFs by a
peristaltic pump at a constant flow rate of 0.3 L
min™. The system operated under recirculated
flow. The nitrification process naturally occur
by specialized bacteria such as Nitrosomonas
sp. and Nitrobacter sp.

In comparison with the biological nitrification
process, types of bacteria in the biological
denitrification process are diversified and they
prefer to organic carbon for their activations.
Denitrification system was divided into three
groups: Group 1 comprised the first two
columns in the series, Group 2 was the third
column and Group 3 with the last column. The
inside diameter of each column is 0.104 m and
0.9m in height. Barley straw (200g/filter)
provided organic carbon for the denitrifying
processes, while spongy iron was included to
assist in elimination of dissolved oxygen in the
water. Barley straw (1.0-3.0 mm in diameter)
was collected from a farm after a crop in South
Australia, while spongy iron (60.60 % of Fe0;
0.425-1.000 mm in diameter) was obtained
from Kaibiyuan Co., Beijing, China.

Denitrification system

Nitrification system

: 0.60m
i

1- Plastic reservoir, 2- Peristaltic pump,

3- Discharge silicone tube, 4- Spray distribution,

5- Nitrifying column, 6- Natural ventilation ports,

7- Glass reservoir, 8- Intake silicone tube,

9- Polypropylene media, 10- Returned silicone tube,

11- Air pump, 12- Stirring pump, 13- Denitrifying

column, 14- Barley straw, 15- Spongy iron

Figure 1. The schematic diagram of nitrification
and denitrification systems

2.2. Methods

In the study, the experiment was divided into
four main phases including Commissioning
phase, Experimental phase 1, Experimental
phase 2 and Experimental phase 3. In the
commissioning phase, nitrifying bacteria were
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developed in NTFs in the presence of
ammonium spiked lake water. After that, all
water in the system was replaced by new lake
water spiked with ammonium in the Experimental
phase 1. This Phase assisted to basically define
the capacity of nitrification and denitrification
systems. Thereafter, maximum capacity of the
nitrification and denitrification systems were
measured in the Experimental phase 2 and 3
respectively.

2.3. Sampling and data analysis

During the experiment, lake water that was
prepared for the experiment was sampled.
Additionally, influent and effluent samples of
each column of both nitrification and denitrification
systems was collected daily. About 50 ml of
water was collected for each sample at 11am (+
1h). At the same time of sampling, the dissolved
oxygen (DO), the temperature and the potential
of hydrogen (pH) was measured by a DO meter
and a pH meter. The samples were filtered
through glass microfiber filters (exclusion size,
4 um) before analysis. This filtration can assist
to eliminate negative effects of sediment on the
analysis results of ammonium, nitrite and nitrate
concentrations.

All lake water samples were measured free
and total chlorine by HACH DR 2000. These
measurements are necessary because chlorine in
lake water can interact with ammonium to
reduce the concentration of ammonium in water
samples. Water samples were analysed for total
organic carbon (TOC), inorganic carbon (IC)
were analysed by TOC-L Shimadzu Analyzer.
Ammonium (NH4-N), nitrite (NO,-N) and
nitrate (NO3-N) were analysed as described in
Standard Methods for the Examination of Water
and Wastewater (Greenberg et al., 1992) using a
FOSS - FIAstar 5000 Analyzer.

3. RESULTS

The Commissioning phase was conducted
over 20 days. In the first 14 days, the
effectiveness of the system was limited. The
concentration of nitrate and nitrite was constant
and under 0.15 mg L. However, the nitrate

mass formed significantly increased to 1.0 mg
L' in the following day, while this mass of
nitrite also reached to over 0.3 mg L. After that
the nitrate production remained constant,
reducing after day 7. Furthermore, the change in
ammonium, nitrate and nitrite also were
measured at influent and effluent points of all
denitrification  columns. The ammonium
concentrations in denitrifying columns were
quite high in the first days. They were between
over 1.0 and 5.5 mg NH4&-N L. While the
influent ammonium concentration was only
below 0.5 mg NH4-N L™

The Experimental phase 1 includes two
stages and was conducted over 14 days to
determine the efficiency of both nitrification and
denitrification systems. The initial concentration
of ammonium in the nitrification system was 4.3
mg NHs-N L. This concentration reduced to
1.9 mg NH4-N L after 24 hours and 0.034 mg
NH4-N L' after 48 hours. Then ammonium was
not detected in the nitrifying reservoir and
effluent point of the system during following
days of the Phase. The average daily rate of
nitrification achieved to be over 2.1 mg NHy-N
L' (75 mg NHy-N day’l). Meanwhile, no nitrate
and nitrite were detected at effluent flows of
Columns 2, 3 and 4, a small concentration of
nitrate < 0.1 mg NO;-N L' was detected in
Column 1.

Experimental Phase 2 was conducted during
13 days. While only very low nitrite concentrations
under 0.06 mg NO,-N L' were found at both
influent and effluent points, nitrate concentrations
were quite high. In the first day of the Phase,
over 8.4 mg NOs3-N L' was detected in the
system and it reached a peak at around 9.5 mg
NOs-N L' in the following day. However,
nitrate concentration in the nitrification system
began declining from day 3 to day 6 before
stabilising around 6.2 mg NO3;-N L' during the
rest of Phase 2.

The last experimental phase was conducted
over five days. Initial nitrate concentration in
denitrifying columns were 22.86 mg NO3-N L.
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After 24 hours, nitrate concentration in the
reservoir remained over 7 NOs3-N L’l, while
these figures in Column 3 and 4 were 2.3 NOs-
N L' and 0.36 NOs;-N L’ respectively. In
Column 1 and 2 of Group 1, nitrate was not
detected at the effluent discharge points.

4. DISCUSSION

4.1. Nitrification performances

The performances of the nitrification system
was evaluated in two steps. In the first step, the
nitrification was primarily defined as its capacity
to converting ammonium to nitrate and nitrite.
This step was conducted in the first stage of
Experimental Phase 1. Based on this primary
calculation, the average maximum capacity of
the nitrification system was determined in the
next step which was presented as Experimental
Phase 2.

In order to basically define nitrifying capacity,
150 mg NH4-N was added to 35 L of water in
the nitrifying reservoir. The initial ammonium
concentration was 4.3 mg NH4-N L' The
results indicated that after one day, ammonium
concentration in the reservoir significantly
reduced to 1.9 mg NHs-N L. In the next day,
this value was 0.034 mg NH4-N L' and no
ammonium was found in the following days.
These ammonium concentrations were not
original values because water in the nitrifying
reservoir was diluted by return flows 4.2 ml
min”! (6.05 L day’l) from the denitrification
system. The original ammonium concentration
values at the nitrifying reservoir were 2.3 mg
NH4-N L' and 0.04 mg NHy-N L for the first
and second day respectively. They were defined
as Equation 4.1 below (Doucette 1997).

C xV
C=—2 Eq. 4.1
i v, (Eq. 4.1)
V1=V’Vd (Eq 42)

Where C; is original ammonium concentration
at the measure time (mg NHy4-N L'l); C, is
diluted ammonium concentration at the measure
time (mg NH4-N L'l); V, is original water
volume in the nitrifying reservoir (V; = 28.95 L)
and is defined as Equation 4.2; V, is diluted

volume of water in the nitrifying reservoir (V, =
35 L); V is initial volume of water in the
nitrifying reservoir (V = V, = 35L); V4 is
volume of water pumped to the denitrification
per day V4=6.05 L.

The converted rate of ammonium in the first
day was 2.0 mg NH4-N L and this figure was
2.26 mg NH4-N L™ in the second day. Basically,
the average converted rate of ammonium in the
nitrification system was 2.13 mg NHs-N L’
day™. It was equal to a mass of 75 mg NH4-N
converted per day by the system as a whole. The
data analysis of ammonium showed that no
ammonium was detected in denitrification
columns during the stage.

The data in Figure 2 indicated that most of
ammonium mass was converted to nitrate and
nitrite in the first two days. In the first day, 1.36
mg NOs-N L was formed in comparison with
0.2 mg NO,-N L', The remaining ammonium
concentration was 1.9 mg NH4-N L. The total
values of ammonium, nitrate and nitrite
concentration was 3.46 mg L. This concentration
was diluted by return flow from the denitrification
system, therefore it is necessary to convert to
original value by Equation 4.1 and 4.2. As a
result the total original concentration of
ammonium, nitrate and nitrite was 4.18 mg L!
compared to 4.3 mg L" in the influent. It is
obvious to recognize that 2.8% (0.12 mg L) of
influent mass was unaccounted for after one
day. The deficient mass could be explained by a
small amount of nitrate and nitrite were pumped
to the denitrification system and were converted
to nitrogen gas. Similarly, the decline of total
ammonium, nitrate and nitrite in following days
can also be explained in the same way.

However, in day 2, the original total values
of ammonium, nitrate and nitrite concentration
was nearly 4.45 mg L" (diluted concentration
value was 3.68 mg L™). This number was 3.5%
higher than the initial value 4.3 mg L' In
reality, it is not simple to obtain 100% mass
balance in complex experimental systems, various
factors could affect experimental results.
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Figure 2. Ammonium, nitrate and nitrite in the
nitrifying reservoir during the first stage
of Experimental Phase 1

Based on the primary capacity of the
nitrification system, the next step was conducted
as Experimental Phase 2. The selected
ammonium mass was 150 mg NHs-N day'1
which was twice that compared to the initial
value of 75 mg NH,-N day™’. It was selected
because the loss of ammonium mass could be
higher when a part of the ammonium was
pumped to denitrifying columns.

The converted ammonium masses were
calculated based on Equation 4.3 below. The
results indicated that in the first two days,
converted ammonium masses were unusual.
While 144 mg NH4-N was converted in the first
day, this figure was only 20mg NHy4-N in the
second day. In the following days converted
ammonium masses fluctuated around the
average value which was nearly 83 mg NH4-N

per day.
M, = Min — Mow (Eq. 4.3)
Mou = 2.C.V; (Eq. 4.4)

Where M. is daily mass of ammonium was
converted (mg); M, is total daily input
ammonium mass (mg); My, is total daily output
ammonium mass (mg) and My, is measured as
Equation 3.7; C; and V; are daily ammonium
concentrations and volumes of each nitrifying
and denitrifying columns.

Figure 3 shows the total converted
ammonium mass during 13 days of the
Experimental Phase 2. During this phase, 1650
mg NHy-N was added to the system, of which
nearly 1077 mg NH4-N was converted to nitrate
and nitrite, with only 573 mg NH4-N remaining.
The average ammonium removal rate was 83
mg NH4-N day’l. It corresponds to 0.2 mg NHy-
N L' h'. Although this rate was higher than
that in the Experimental Phase 1, it was not
considered overly high. In a study, Mai et al.
(2016) achieved ammonia removal rate of 0.44
mg NH4-N L' h'. The pilot in their study was
quite similar to the nitrification system in this
study, however, installation of nitrifying
columns was parallel rather than in series as in
this study. The ammonium conversion rate in
the study could not achieve a higher level
because the external energy source for nitrifying
bacteria was limited.
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Figure 3. Defining total converted
ammonium mass 1

4.2. Denitrification performances

The primary average capacity of the
denitrification system was defined to be
approximately 0.62 mg NO3-N L day™ in the
Experimental Phase 1. The result was calculated
based on the second stage of the Experimental
Phase 1. As shown in Figure 4, initial total
ammonia nitrogen including ammonium, nitrate
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and nitrite during this period fluctuated around
70 mg day'. After a day, this number
significantly reduced to around 40 mg day'l.
This reduction was caused by the removal of
nitrate from the denitrification system. This
system removed daily over 30 mg NO;-N. The
nitrate removal rate was only a primary value
because it was calculated based on the
denitrification flow rate 4.2 ml min™'. The rate
could change if nitrate concentration or flow
rate was not stable (Wang et al. 2013). This
theory is in line with previous studies. For
example, Park, Choi and Pak (2005) conducted
a denitrification study with an initial nitrate
concentration in the range of 20 mg NOs3-N L'
to 150 mg NOs-N L. Their results revealed that
the nitrate removal rate depended on initial
nitrate  concentration. The removal rate
increased when nitrate loading increased.
Similarly, the change in nitrate removal rate was
observed in a study by Park et al. (2005) where
the initial nitrate concentration changed from 20
mg NO;-N L™ to over 490 mg NOs-N L™,
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Figure 4. Total ammonia nitrogen (TAN)
and nitrate removal mass in Phase 1

Although influent nitrate concentration at the
end of Phase 2 was quite high an approximately
6.0 mg NOs3-N L'l, in an attempt to achieve
nitrate at effluent points, indicative of the
maximum denitrification rate, of denitrifying
columns, denitrification flow rates increased
three times from 1.5, 1.2 and 1.5 ml min"! to
4.5,3.6 and 4.5 ml min™ for group 1, 2 and 3
respectively. However after four days of the
Experimental Phase 3, no nitrate or nitrite were

detected at effluent points of the denitrifying
columns. This result demonstrated that the
capacity of the denitrification was much higher,
and the finding is in agreement with previous
studies which revealed that the efficiency of
denitrification systems was high. These studies
found that large amount of nitrate (approximately
13 mg L") could be converted to nitrogen gas in
a short time (Schmidt & Clark 2012).

Figure 5 below presents trends in
concentration of influent ammonium and nitrate
at the nitrifying reservoir. It is clear that while
ammonium concentration had an increasing
trend during the time, nitrate concentration
which was produced from influent ammonium
was on a continual decline. Ammonium
concentration increased from over 10 mg NHy-
N L to nearly 15 mg NH4-N L™ in four days.
Conversely, nitrate concentration decreased by
approximately 1.6 mg NOs-N L from 3.2 mg
NOs-N L't 1.6 mg NOs-N L. From the data,
it could be inferred that the ammonium removal
rate reached maximum capacity and, therefore,
could not produce more nitrate. Meanwhile,
nitrate mass could disappear in next several
days. Therefore, a decision was made to stop the
system and change the method for defining the
maximum capacity of the denitrification system.
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Figure 5. Ammonium and nitrate in the
nitrifying reservoir

Accordingly, the nitrification system which
was applied to provide nitrate to the
denitrification system by converting ammonium
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to nitrate was stopped. An external nitrate
source was utilized as influent nitrate to the
denitrifying  columns. In  addition, the
denitrification flow rates were increased 10
times and the sampling time was changed from
daily to hourly. All changes were made to
ensure that nitrate could be found at effluent
points of the denitrification system and, as a
result, effluent nitrate was detected from the
denitrification columns, indicating saturation of
the denitrification capacity of the columns.

Total nitrate removal mass was calculated
based on Equation 4.3 and 4.4 in which
ammonium mass was replaced by nitrate mass.
The results are shown in Figure 6 below. Input
nitrate mass was 800 mg NO3-N, and after 24
hours this mass remained 84 mg NO;3-N.
Consequently, 716 mg NO3-N was converted to
nitrogen gas in a day at a total flow rate was 42
ml min™". It equates to a nitrate removal rate of
approximately 11 mg NO;-N L' h'. The
efficiency of the denitrification system was
contributed to by the capacity of three Groups of
denitrifying columns. Group 1 with denitrifying
column 1 and 2 accounted for over 43%of the
total nitrate removal mass. Group 2 and 3
contributed nearly 22 and 35% respectively. The
efficiency of Group 1 was highest because it
combined two denitrifying columns while
Group 2 and 3 only had one column.
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5. CONCLUSION
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Tom tat:
KET HQP QUA TRINH NITRAT HOA VA KHU NITO TRONG XU LY NUGC

Do con nhiéu han ché trong viéc quan Iy va bdo vé cdc luu viee thu niede nén hién nay nhiéu nguon
nude mdt va nwée ngam bi anh huwong khéng nhé boi cdc nguon gdy é nhiém khdc nhau, trong dé
amoniac la mét trong nhitng nguyén nhan chinh. Trong khi cdc phirong phdp xir I amoniac truyén
thong béc 16 nhiéu han ché khi sir dung clo trong qud trinh xir Iy mede thi xir Iy amoniac bang
phurong phdp sinh hoc dwoc xem nhw gidi phdp toi wu trong viéc loai bé cdc chdt gdy 6 nhiém nhu
amoniac. Nghién ciru ndty dwoc thiee hién trong phong thi nghiém va tép trung vao viéc két hop qud
trinh nitrdt héa va qud trinh khir nito dé loai bé amoniac va cdc hop chdt ciia né trong qud trinh xir
Iy nuée mdt va nuée ngam. Cdc két qud nghién ciru chi ra rang, qud trinh nitrdt héa véi lieu lrong
dong chay la 0.3 L/phiit chay qua dém sinh hoc co dién tich 4.88 m? c6 thé gitip logi bo 83 mg NH 4
N/ngay. Lirong amoniac nay tuwong dwong véi tdi trong bé mat la 17 mg NH-N m* /mgay. Trong khi
qud trinh khir nito véi leu lieong dong chay 1o 42 ml/phiit c6 thé giiip logi bé 716 mg NO3-N/ngay.
Tu khoa: Nito, ammonia, nitrat héa, khir nito, rom.
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